By using the Su-Schrieffer-Heeger model modified to include electron-electron interactions, the Brazovskii-Kirova symmetry breaking term and an external electric field, we investigate the scattering process between a negative and a positive bipolaron in a system composed of two coupled polymer chains. Our results show that the Coulomb interactions do not favor the bipolaron recombination. In the region of weak Coulomb interactions, the two bipolarons recombine into a localized excited state, while in the region of strong Coulomb interactions they can not recombine. Our calculations show that there are mainly four channels for the bipolaron recombination reaction: (1) forming a biexciton, (2) forming an excited negative polaron and a free hole, (3) forming an excited positive polaron and a free electron, (4) forming an exciton, a free electron, and a free hole. The yields for the four channels are also calculated.
I. INTRODUCTION
Bipolarons are important charge carriers in conjugated polymers. They were hypothesized to exist in conjugated polymers almost 30 years ago and were extensively studied over the years. 1 Several experiments have demonstrated the existence of bipolarons, especially in doped polymers. [2] [3] [4] [5] Some of the early studies concentrated on the stability of bipolaron. [6] [7] [8] [9] [10] It is now clear that both the electron-phonon coupling and the electron-electron interaction play an important role in forming bipolarons: at low concentration of carriers, carriers are more likely in the form of polarons, while at high concentration of carriers they tend to favor bipolarons. 6 Bipolarons may also coexist with polarons in conjugated polymers. Total energy calculations indicate that two extra electrons may go either into two independent polarons or into a bipolaron. 11 There is a subtle balance between the two situations. Optical and magnetic data of some polymers showed signals involving polarons and bipolarons, [12] [13] [14] which testify the coexistence of polarons and bipolarons in conjugated polymers.
In recent years, there has been a great interest in the use of conjugated polymers in light-emitting diodes (LEDs). 15 To improve the efficiency of LED, much attention is focused to the polaron recombination process. Polarons are injected from anode and cathode of the LED and recombine to form singlet or triplet excitons. Triplet excitons are non-emissive, while singlet excitons are emissive which gives rise to electroluminescence of the LED. According to spin statistics, the singletto-triplet formation ratio will be 1 : 3. Hence, the electroluminescence efficiency is limited to 25%. However, a number of reports have indicated that the electroluminescence efficiency in LEDs ranges between 22% and 83%, which greatly exceeds the theoretical limitation predicted by spin statistics. [16] [17] [18] [19] [20] The reason for that is still under investigation. a) Electronic mail: zhesu@ifm.liu.se.
In organic LEDs, in which the carrier concentration is relatively low, polaron recombination is believed to be the normal electroluminescence channel. However, with the coexistence of polarons and bipolarons in mind, it is straightforward to conjecture a similar process where a negative bipolaron and a positive bipolaron recombine into a biexciton. Theoretical and experimental evidences for stable biexcitons in conjugated polymers have been reported in the literatures, [21] [22] [23] [24] which indicate that they might also exist as a result of bipolaron recombination.
Using a combined version of the Su-Schrieffer-Heeger (SSH) model 25 and the extended Hubbard model, we simulated the scattering process between a negative and a positive bipolaron in two coupled polymer chains in the presence of an external electric field. The simulations were performed using a nonadiabatic molecular dynamics method which was introduced by Ono and Terai. 26 We have applied this method to the studies of scattering processes between polaron and exciton, 27 polaron and bipolaron, 28 bipolaron and exciton. 29 The aim of this paper is to give a microscopic picture of the bipolaron recombination process as well as to testify the products of the bipolaron recombination.
II. MODEL AND METHOD
The SSH-type Hamiltonian modified to include electronelectron interactions and an external electric field is given by
In Eq. (1), H el is the SSH Hamiltonian,
The operator c † n,s (c n,s ) creates (annihilates) a π electron with spin s at the nth site. t n,n is the hopping integral between site
where t 0 is the hopping integral of π electrons for zero lattice displacements, α the electron-phonon coupling constant, u n the lattice displacement of the nth site from its equidistant position, and t e is introduced to lift the ground-state degeneracy for non-degenerate polymers. t ⊥ is the orthogonal hopping integral, i.e., the hopping between a site on one chain and a nearest neighbor site on an adjacent chain, and t d the diagonal hopping integral, i.e., the hopping between next nearest neighbor site on adjacent chains.
The term H ee in Eq. (1) expresses the electron-electron interactions limited to an extended-Hubbard-type expression including on-site and nearest-neighbor Coulomb interactions,
where U 0 and U n,n are the on-site and nearest-neighbor Coulomb interaction strengths, respectively. U n,n is expressed as
In this paper, these extended-Hubbard-type interactions are treated within the Hartree-Fock approximation. The electric field is included in the Hamiltonian as a scalar potential, which gives the following contribution to the Hamiltonian:
where E is the external electric field, e the absolute value of electronic charge and a the lattice constant. The lattice energy is described by
where K is the elastic constant of a σ bond and M the mass of a CH group. The model parameters we use in this work are those generally chosen for polyacetylene, The on-site Coulomb interaction is expressed as U 0 = f t 0 , where in this work calculations are performed for f = 0 to 1.5. Larger values of f lead to destabilization of the bipolarons (see Sec. III). The value for the intrachain nearestneighbor Coulomb interaction V is set to U 0 /3, that is f t 0 /3, and the value for the interchain nearest-neighbor Coulomb interaction V ⊥ is set to f t ⊥ /3. In all the simulations, the external electric field strength is set to 5 × 10 4 V/cm. The time-dependent Schrödinger equations for oneparticle wavefunctions are
where k is the quantum number that specifies an electronic state. The equation of motions for the lattice sites are
where F n (t) represents the force that the nth site endured. The damping of the motion describes the dissipation of energy gained from the electric field. The damping constant λ is set to 0.001 fs −1 in our calculations. 30 The charge density ρ(n, n , t) is expressed as
where f k is the time-independent distribution function of 0, 1, or 2 depending on initial state occupation. The above set of equations are numerically solved by discretizing the time with an interval t which is chosen to be sufficiently small so that the change of the electronic Hamiltonian during that interval may be negligible. For all the results presented below, we choose a time step of t = 0.005 fs.
By introducing instantaneous eigenstates, the solutions of the time-dependent Schrödinger equations can be put in the form
where {φ l (n)} and { l } are the eigenfunctions and eigenvalues of the Hamiltonian H elec at a given time t j . The lattice equations are written as
.
Hence, the electronic wave functions and the lattice displacements at the (j + 1)th time step are obtained from the j th time step. At a given time t j , the wave functions {ψ k (n, t j )} can be expressed as a series expansion of the eigenfunctions {φ l }:
where C l,k are the expansion coefficients. The occupation number for energy level ε l is
n l (t j ) contains information concerning the redistribution of electrons among the energy levels.
In all simulations, we use the staggered order parameter r n (t) and the mean charge densityρ n (t) to analyze the lattice and charge density evolution,
To simulate the bipolaron recombination process, we must first obtain two opposite charged bipolarons on two coupled polymer chains, respectively. In our simulation, each chain has 200 sites. The sites in chain 1 are labeled 1-200, while the sites in chain 2 are labeled 201-400. As shown in Fig. 1(a) , the two chains are placed beside each other and overlap by 100 sites: the 201th to 300th sites are coupled with the 101th to 200th sites, respectively. The starting geometry is obtained by minimizing the total energy of the system with fixed occupation numbers as described in Fig. 1(b) without the presence of the electric field. The negative bipolaron is located at the site 50 (in chain 1) while the positive bipolaron is at site 350 (in chain 2). With the electric field being smoothly turned on, the two opposite charged bipolarons begin to move towards each other, then collide.
III. RESULTS AND DISCUSSIONS
In Fig. 2 , we present the temporal evolution of staggered order parameter r n (t)(left panel) and mean charge densitȳ ρ n (t) (right panel) for the bipolaron scattering process with different on-site Coulomb interactions. Panels a1 and a2 correspond to U 0 = 0.2t 0 (0.5 eV), panels b1 and b2 U 0 = 0.3t 0 (0.75 eV) and panels c1 and c2 U 0 = 0.4t 0 (1.0 eV). We can see that the bipolaron scattering processes are quite different while the on-site Coulomb interaction U 0 increases. In the case of U 0 = 0.2t 0 , the two bipolarons begin to interact at about 500 fs. Then, they quickly recombine and form a localized excited state on chain 1. As a result of this recombination, chain 2 ends up on the potential energy surface of the neutral ground state (see panel a2) and slowly reaches equilibrium as a result of the energy dissipation from the system due to the damping. From panel a2, we see that both chains become essentially neutral after recombination apart from small intra chain charge density fluctuations associated with the localized excitation on chain 1.
In Fig 2, panels b1 and b2, the on-site Coulomb interaction U 0 is increased to 0.3t 0 . The two bipolarons repel each other when they first interact at about 500 fs. Under the influence of the external electric field, they move towards each other a second time and interact again at about 900 fs. This time they recombine in a way very similar to the process described above. If the on-site Coulomb interaction U 0 increases to 0.4t 0 , we see that the two biplarons never recombine, as shown in Fig. 2 panels c1 and c2 . As a result of the Coulomb interaction, the two bipolarons are attracted towards each other and loose their initial kinetic energy after repeated collisions.
If we continue increasing the on-site Coulomb interaction U 0 above 0.4t 0 we observe no significant change in the qualitative behavior of the scattering process, i.e., for this strength of the Coulomb interactions, the two bipolarons cannot recombine. Thus, we can conclude that Coulomb interactions are unfavorable for bipolaron recombination. We also observe from our simulations that for U 0 values above 1.5t 0 , the bipolarons themselves become unstable. Since the existence of bipolarons is well documented in the literature, we believe that such large values of U 0 lie outside the physically relevant regime. In order to further investigate the influence of the Coulomb potential we also performed calculations using a long range interaction "tail" added to the originally proposed on-site (U) and nearest neighbor (V) potential. The results from these calculations are very similar to those presented above showing that the short range terms to a large extent determine the dynamics of the bipolaron recombination process.
To understand the behavior of the two bipolarons during the scattering processes and address the properties of the localized excitation formed after recombination, it is useful to view the changes of the electronic structure of the system during and after the recombination process. For the cases depicted in Fig. 2 , we show in Fig. 3 the time evolutions of the intra-gap levels and their occupation numbers during the bipolaron scattering process. As seen from the left panel, at the beginning there are four intra-gap levels caused by the two bipolarons. According to their wave functions, we know that the red and blue lines correspond to the negative bipolaron levels ε Let us focus on Fig. 3 panels b1 and b2 U 0 = 0.3t 0 . At about 500 fs, i.e., the instant of the first encounter of the two bipolarons, the four intra-gap levels begin to oscillate due to the electron-phonon coupling and the interaction between the bipolarons. At the same time, their occupation numbers change slightly corresponding to a small charge transfer To see explicitly the electron transfer among energy levels, we show the mean occupation numbers of the levels around the gap after the bipolaron recombination in Table I . We can see that a large number of levels in conduction and valence band, beside the intra-gap levels, are involved in the bipolaron recombination. These results show that there are certain probabilities of forming free electrons and holes after the bipolaron recombination.
From Fig. 3 panel c1 and c2 , we see that the four intra-gap levels all oscillate after the two bipolarons collide, however, their occupation numbers hardly change. This is in accordance with the results that the two bipolarons never recombine in the case of strong Coulomb interactions. To The above results show clearly that the bipolaron recombination is associated with inter-level charge transfer. Following this charge transfer, the final time dependent electron wavefunctions are linear combinations of a number of eigenfunctions. Each such eigen state has different electron occupations. In Fig. 4 , we show some possible states with different electron occupations. To simplify, we neglect electron spins and only depict the intra-gap levels and their occupations. State (a) is the initial electron configuration which is identical to the configuration shown in Fig. 1 there is an electron in conduction band, so it denotes an excited positive polaron and a "free" electron. State (g), finally, corresponds to an exciton, and in addition a free electron and a free hole. Apparently, state (e)-(g) correspond to a large number of electron configurations. As discussed below, calculations show that the yields of these states dominate the states after the bipolaron recombination.
In the following, we calculate the yields for different states that are associated with the bipolaron scattering process using a projection method. 28, 29 The evolved wavefunction | (t) can be constructed by the evolved single electron wavefunctions {ψ k (n, t)} as a Slater determinant. The eigenfunction | K corresponding to a electron configuration is also constructed as a Slater determinant by the single electron eigenfunctions of the Hamiltonian H elec , i.e., {φ k (n, t)}. After each evolution step, the evolved wavefunction | (t) is projected onto the eigenfunction | K . The relative yield I K (t) for this electron configuration is then obtained from
| K can be any electron configuration of interest. In calculating the yields of state (b), (c), and (e)-(g) in Fig. 4 , we add the yields of all possible configurations.
In Fig. 5 , we show time dependence of the yields for the states displayed in Fig. 4 . Before the two bipolarons collision, we see that the yield of state (a) is 100%. After the first collision at about 500 fs, the yield of state (a) decreases from 100% to about 85%, while at the same time the yields of states (b) and (c) increase from zero to about 5% and 10%, respectively. This change is associated with a small amount of charge transfer from ε states (d)-(g) increase from zero to about 26%, 29%, 13%, and 14%, respectively.
The results above indicate the following bipolaron recombination reaction channels (see notations in Fig. 4 ):
These reaction channels clearly show that other localized excited states, beside the biexciton state, can be produced with certain yields during the bipolaron recombination. This is reasonable because of the total energy conservation: from Fig. 4 , it is easy to infer that the energy of the localized excited states (e)-(g) are all higher than that of state (d) (the biexciton state). This guarantees the total energy conservation during the bipolaron recombination. In addition to the four channels listed above, there are a large number of other states involved in the recombination. Together they contribute the remaining 18% of the total yield. However, each individual such state has very small yield and is therefore of less interest as concerns the recombination process.
As a final remark it should be noted that the individual states have their own time dynamics following the recombination. However, in the way the time evolution is treated here, we obtain a weighted average of the time dependence and cannot follow the states individually. This is the reason why, for instance, the (hot) electron-hole pair described in Eq. (22) above does not decay into an exciton.
IV. CONCLUSIONS
We have simulated the scattering process between a negative and a positive bipolaron in a system which is composed of two coupled polymer chains. The simulations are performed using a nonadiabatic evolution method, in which the electron wave function is described by the time-dependent Schrödinger equation while the polymer lattice is treated classically by a Newtonian equation of motion.
First we studied the influence of the Coulomb interactions on this scattering process. It is found that if the onsite Coulomb interaction U 0 is lower than 0.4t 0 (1.0 eV), the two bipolarons can recombine into a localized excited state. However, if the on-site Coulomb interaction U 0 is equal to or greater than 0.4t 0 , the two bipolarons never recombine. By a projection method, we found that there are mainly four channels for the bipolaron recombination reaction: (1) forming a biexciton, (2) forming an excited negative polaron and a free hole, (3) forming an excited positive polaron and a free electron and (4) forming an exciton, a free electron and a free hole. In the case of U 0 = 0.3t 0 (0.75 eV), the yields for the four channels are 26%, 29%, 13%, and 14%, respectively. These numbers provide an insight into how bipolaron recombination occurs. Since there is a considerably higher energy involved in this process as compared to polaron recombination, there are also a larger number of final states accessible. These states will have their own dynamics, which involves both dipole allowed and non-radiative transitions. Studies of these processes are, however, left for coming work.
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